Abstract-Food and agricultural production in Thailand play an indispensable role in economic growth. The frozen vegetable industry is considered to be important due to its increasing annual exports. The goal of this paper is to measure the efficiency of export frozen vegetables using network DEA. We use the two-stage model to measures efficiency by separating the supply chain structure into suppliers and manufacturers. Index Terms-Network DEA, efficiency measurement, export frozen vegetable, supply chain.
I. INTRODUCTION
Food and agricultural production in Thailand play an essential role in economic growth because many local materials are used and many resources are brought in to develop the country's economy. This process benefits and develops the industry, brings export revenue into the country and facilitates investment in the industry. The frozen food industry is considered an important industry in Thailand because most frozen food is made from domestic agricultural products and meats, which can be transformed into many types of food. In Thailand, frozen vegetables are particularly important due to their export volume, which has increased annually in recent years [1] .
In the frozen vegetable export industry in Thailand, competition is likely to intensify as a result of globalization, which makes trade freer and more open. Supply chain management (SCM) has emerged as the core strategy to build competitive advantage in this business, both nationally and at the local level.
Data envelopment analysis (DEA), which was pro-posed by Charnes, Cooper and Rhodes [2] , is a technique based on linear programming (LP) that is used to mea-sure the relative efficiency of a set of decision-making units (DMUs) by measuring the efficiency of the i-th DMU relative to the others. This technique can be used with multiple outputs that are produced by each DMU.
In this study we will measure the efficiency of a frozen vegetable supply chain according to SCM using all members of the chain. The traditional DEA process, which consists of only one stage, cannot be used to evaluate highly complex structures. Thus, network DEA is proposed as a means to consider the internal structure of a DMU for two-or-more stage models.
The goal of this paper is to measure the efficiency of export frozen vegetables using network DEA. The two-stage model measures efficiency by separating the supply chain structure into two segments, suppliers and manufacturers, according to the structure of the Thai frozen vegetable supply chain. This methodology is used to show the efficiency of the supply chain.
II. BACKGROUND LITERATURE

A. Supply Chain and Efficiency Measurement
SCM is an integration and management technique for organizations that employ supply chain relationships and collaboration activities in building value-added products and services that are competitive and sustainable [3] .
Supply chain efficiency is an overall efficiency mea-sure that depends on the efficiency of the stages in a supply chain [4] . The efficiency of a supply chain can be evaluated using information or feedback on the chain's activities and its success in meeting customer expectations and strategic objectives [5] . Supply china efficiency can also be understood as the degree to which the supply chain fulfills end-user requirements [6] . According to Neely [7] , performance measurement is the process of quantifying the effectiveness and efficiency of actions.
Given the rapid pace of global change, efficiency measurement now plays an important role in SCM initiatives and improvement [8] because it helps decision maker to set objectives and goals, evaluate efficiency and determine future courses of actions. In recent years, efficiency measurement and indicators have received significant attention from researchers in many different fields.
B. Data Envelopment Analysis
Data envelopment analysis (DEA), which was introduced by Charnes et al [2] , is an approach based on linear programming that assesses the relative performance of a set of production processes called decision-making units (DMUs). DEA examines the resources that are available to each unit and monitors the conversion of these resources (inputs) into the desired outputs [9] . The applications of DEA involve a wide range of contexts, including education, health care, banking, market research, retail outlets, organizational effectiveness, transportation, public housing, and manufacturing. In particular, DEA is a particularly excellent tool for improving the productivity of service businesses [10] .
Variations on DEA are generally intended to customize the model to fit the application and to compensate for the inability of traditional DEA to evaluate highly complex structures. One representative study of serial systems was presented by Fare and Grosskopf [11] , who first proposed the concept of network DEA. Complex systems typically consist of a number of sub-systems. These subsystems may form parallels, series, or networks. Different network DEA models have been proposed according to the type of relationship being evaluated [12] . Chen and Zhu [13] developed a model that ensures that the overall efficiency of a DMU requires each individual stage to be efficient.
III. METHODOLOGY
This section presents the research methodology used in this study. The following subsections offer an overview of a frozen vegetable supply-chain structure and the network DEA model that is used as the measure in this study.
A. Overview of the Frozen Vegetable Supply-Chain Structure
Drawing on the previous research conducted in related studies of the supply-chain concept, one can develop an overall picture of a frozen vegetable supply chain represented as in Fig. 1 . S represents the main suppliers. In this chain, the main suppliers are the farmers with the contracted system. M represents the manufacturer. X the supplier's input and Y is the supplier's output, which is also the manufacturer's input. W is the manufacturer's input, which is not related to the supplier stage. Z is the final output from the manufacturer. The W, X, Y and Z also serve as matrices in model (1)- (8) The inputs and outputs chosen for measurement are based on a review of the literature and interviews with experts in related fields of study. The criteria used for the inputs and outputs are presented in Table I, 1,2,3) the r-th row of matrix Y, Zk (k=1,...,4) the k-th row of matrix Z .
B. Network DEA Model
In this paper, the model presented by Chen and Yan [14] is adapted by adding the manufacturer's inputs to evaluate efficiency. This model is based on the concept of decentralized management, in which component of a chain has its own decision maker who manages its own operations. Moreover, in agricultural production, uncontrollable factors can exert the greatest effects on productivity. Most of these uncontrollable factors affect the main supplier: farmers. It is therefore more feasible to control factors that are related to the manufacturer than it is to control those that are related to the suppliers. For this reason, we use an output-oriented in this paper.
Suppose that we have J DMUs and the o-th DMU of them is the target on its efficiency that is interested. Note that o ∈ {1, . . . , J}. As a general case indicated in Fig. 1 
* φ φ φ s m , , : free (8) φ m : The efficiency score for the manufacturer. φ s : The efficiency score for the supplier.
X ij : The i-th supplier's inputs to the supplier for j-th Objective function (1) assesses the efficiency scores of the chain. Constraint (2) certifies that the i-th supplier's inputs, according to the o-th DMU (DMUo), are greater than or equal to a linear combination of the i-th supplier's inputs for each j-th DMU (DMUj). Constraint (3) confirms that the optimal intermediate products are supplier's inputs and that the supplier's inputs i, according to DMUo, are greater than or equal to a linear combination of the inputs for each DMUj. Constraint (4) confirms that the optimal intermediate products are manufacturer outputs and that the outputs i according to DMUo are less than or equal to a linear combination of the outputs for each DMUj. Constraint (5) states that the i-th manufacturer's inputs according to DMUo are more than or equal to a linear combination of the i-th manufacturer's inputs for each DMUj. Constraint (6) states that the optimal k-th final output, according to DMUo, is greater than or equal to a linear combination of the k-th final outputs for each DMUj. If the constraints λ j 
IV. RESULTS
In this paper, the datasets for the suppliers' inputs X, the intermediate products Y, the manufacturer's inputs W and the final outputs Z were generated using 8 of the 56 manufacturers who are the members of the Thailand Institute of Scientific and Technological Research (TISTR), Food Technology Department. The interviewer with informant accordingly to the criteria for measuring efficiency in this study was observed to obtain the accurate information to collect all the data.
In this study, MATLAB is used to solve the network DEA model. The preliminary results obtained from the model in this study are presented in Table 2 . The specific weights of the suppliers and manufacturers are the same, i.e, w s = w m = 0.5 .
The model (1)-(8) has the following properties: if the efficiency score φ * is equal to 1 ( φ * = 1), then both φ m and φ s are equal to 1 ( φ m = 1 and φ s = 1). It shows that the DMUs can reach the maximum output using no more than the observed amount of any input. Conversely, if the efficiency score φ * is greater than 1 ( φ * > 1), then at least one of φ s or φ m is greater than 1 ( φ s > 0 or φ m > 0). Thus, the DMUs can increase their output using the same amount of input. In other words, the DMUs remain inefficient. In the BCC-O example, the both the supplier and the manufacturer for the first DMU (DMU1) have the efficiency score of 1. This result indicates that both the supplier and the manufacture are efficient. The overall efficiency score for a supply chain is a combination of the efficiency scores of the supply chain's suppliers and manufacturers. Thus, if a supply chain is effective, both its suppliers and its manufacturers will be efficient. In this study, after separately measuring by member type, we find that the suppliers, i.e., the farmers are the source of most of the inefficiency. Many of the suppliers have efficiency score of more than 1. Of the 8 organizations, 5 and 6 DMUs are inefficient under BCC-O and CCR-O, respectively. However, if only the manufacturers units are considered, only 2 DMUs are inefficient, regardless of which methodology is used. The results show that most of the organizations are efficient and thus well managed.
These results suggest that other factors whose effects are largely uncontrollable may influence the farmers. One supplier input, production capacity, is also an example of an uncontrollable factor because farmers cannot entirely control the quality of soil. Furthermore, farmers' productivity depends on successful cultivation, which itself relies heavily on the farm's environment, including natural disasters, plagues, pests and even on labor variations in different regions. These factors generate differences in the numbers of workers and the convenience of shipments between farmers and factories. All of these factors affect the product quality, making it difficult to increase productivity even when efficient management practices are used.
When factories alone are considered, the efficiency levels are much higher than when farmers are also considered. In factories, efficient procedure can influence productivity because factory procedures can be controlled more easily. Furthermore, specific principles can easily be applied to factory processes to facilitate planning and mechanical functions, which, in turn, further productively.
V. CONCLUSION AND IMPLICATION
This study considers the current structure of supply-chain management for the export frozen vegetables in Thailand, primarily in Northern Thailand. The total inputs and outputs of each member of the chain were identified. Efficiency was measured using network DEA. The results show that almost all of the supply chains are inefficient. However, if only the manufacturers are evaluated, most of the supply chains are efficient; conversely, on the supplier side, most of the chains are inefficient due to the lack of supplier control over significant factors. For this reason, the overall performance remains inefficient.
Although this article presents a useful methodology based on DEA modeling for managers or decision makers to use in making reasonable decisions based on supply chain performance data, the limitations of this method should also be considered. The data used in this study are derived from a small sample, and the use of this sample may have generated more anomalies than a larger sample set would have generated. The inputs and outputs were determined from these measurements, largely based on scale and overall perspective. These will be remiss in certain conditions. Furthermore, in this paper, we assigned both members of the supply chain equal weights. Changing these weights might have changed the efficiency score. Future studies might use additional measures to increase the comprehensiveness of the model as a tool for measuring the efficiency of organizations of supply chains. Future research might also use a dynamic network model to consider the effect of time on efficiency or the effect of using different weights.
